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ABSTRACT 
Spectra covering the wavelength range 3500-7300 Â during the first 2 months of observation of the Type lb 

supernovae (SN Ib) 1983N in NGC 5236 (M83) and 1984L in NGC 991 are compared with theoretical super- 
nova atmosphere calculations based on power-law density structure (p ocr~n, n ~ 1). Evidence is presented for 
lines of He i at 4471, 4921, 5015, 5876, 6678, 7065 Â (and perhaps 7281 Â) and hence for substantial amounts 
of helium, the first confirmed evidence for helium in supernova ejecta near maximum light. The helium-level 
populations appear to depart strongly from LTE (departure coefficient > 102). 

The blue portion of the spectrum is dominated by blends of Fe n with the iron in approximately solar 
proportions by mass. At the same density and temperature, an iron mass fraction as large as 0.1 gives features 
which are far too strong throughout the spectrum, implying that SN lb do not arise in detonating white 
dwarfs. The prominent absorption feature at 6300 Â is plausibly C n 26580, although a non-LTE contribution 
from Ne i 26402 cannot be ruled out. Emission features of [O i] at 5577 and 6300 Â are observed after about 
20 days, presaging the transition to the oxygen-dominated “ supernebular ” phase observed 8-14 months after 
maximum in SN 1983N, 1984L, and 1985F. 

The power-law models for the ejecta structure are consistent with a relatively large mass (>5 M0) and 
kinetic energy (>5 x 1051), but rigorous lower limits have not been established. The theoretical spectra do not 
constrain the maximum amount of mass but, for the current models, M > 10 MG implies uncomfortably large 
kinetic energies, > 1052 ergs. 

The conclusions concerning substantial mass and a large helium abundance with solar proportions of iron 
add to the evidence that SN lb have their origin in the cores of relatively massive stars. If so, SN lb represent 
the first opportunity to study directly the structure and composition of the final stage of evolution of massive 
stars and to explore the mechanism of their explosion. 
Subject headings: stars: abundances — stars: supernovae 

I. INTRODUCTION 

Recent observations of supernovae SN 1983N and SN 
1984L have focused attention on the class of“ peculiar ” Type I 
supernovae (Wheeler and Levreault 1985; Elias et al 1985; 
Panagia et al 1987; Uomoto and Kirshner 1985; Branch 
1986). They have been designated SN lb to formally dis- 
tinguish them from classical Type I events, SN la. The SN lb 
are apparently hydrogen deficient at maximum light. They do 
not display the absorption feature at 6150 Â identified with 
Doppler-shifted Si n 26355 which characterizes SN la, but SN 
1983N and 1984L do have an absorption at 5700 Â and other 

1 Visiting Astronomer, Kitt Peak National Observatory, which is operated 
by AURA, Inc., under contract to the National Science Foundation. 

distinguishing spectral features. They are dimmer than SN la 
by about 1.5 mag, and hence comparable to Type II (plateau) 
events. The shape of the optical light curve of SN 1983N is 
similar to that of SN la near peak light, with the rise perhaps 
somewhat slower (Panagia et al 1987). SN 1983N is slightly 
off-center from a large H n region complex in M83 (Richter 
and Rosa 1983). A careful determination of the location of the 
supernova on a Palomar Observatory Sky Survey print shows 
that SN 1984L is coincident with an H n region in NGC 991, as 
suggested by Wheeler and Levreault (1985). Infrared light 
curves seem to distinguish between SN la and SN lb (Elias et 
al 1985). Detection of the 1.644 pm line of [Fe n] 360 days 
after optical maximum in SN 1983N suggests the presence of 
~0.3 M0 of iron in the ejecta (Graham et al 1986). SN 1983N 
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and SN 1983L have been detected in the radio (Sramek, 
Panagia, and Weiler 1984; Panagia, Sramek, and Weiler 1986), 
indicating the presence of a circumstellar nebula, presumably 
produced by a wind (Chevalier 1984). 

Spectra of SN 1983N obtained 8 months after maximum 
light (Gaskell et al 1986) and of SN 1984L 14 months after 
maximum (Kirshner 1986) are very different than spectra near 
maximum light. The later spectra display strong broad lines 
of [O i] /U6300, 6364, Mg i] /14571, Na i D >U5890, 5896, and 
[Ca n] /Ü7291, 7324. SN 1985F (Filippenko and Sargent 
1985, 1986) showed similar features and is projected onto and 
presumably spatially near an H n region. Although only dis- 
covered of order 8 months after maximum, SN 1985F must be 
of a similar nature to SN 1983N and SN1984L, namely an SN 
lb in the “ supernebular ” phase (cf. Wheeler et al 1986; Gas- 
kell et al. 1986). 

In § II we present a near-infrared spectrum and several 
optical spectra of SN 1983N obtained over a period from 10 
days before maximum light to about a week after maximum 
(see also Panagia et al 1987) and of SN 1984L from about 
maximum light to about 60 days later. On the basis of these 
spectra we argue for the first definite identification of helium in 
supernova ejecta near maximum light. We also identify the 
emergence of oxygen emission lines which presage the dra- 
matic transition to the supernebular phase. In §§ III and IV we 
present supernova atmosphere models which are consistent 
with the observations and argue that a strong departure of 
helium level populations from LTE is necessary. In § V we 
summarize the current status of SN lb, the arguments that they 
result from core collapse in moderately massive stars, and 
some of the immediate work necessary to further clarify the 
nature of these events. 

II. OBSERVATIONS 

The observations of SN 1983N were all made on the 1.3 m 
telescope of the McGraw-Hill Observatory. The spectra of July 
19 and July 27 are also presented by Panagia et al (1987). 
Observations of SN 1984L were made by Barker, Cochran, 
Dinerstein, Garnett, and Levreault at McDonald Observatory 
and by Margon and Downes at KPNO, Mount Lemmon, 
and Lick Observatory. A journal of observations is given in 
Table 1. 
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Fig. 1.—The logarithm of the flux distribution Fv as a function of wave- 
length (Â) for the Type lb supernova 1983N in NGC 5236 (M83) is presented 
for 1983 July 7, about 10 days prior to maximum. A redshift correction of 275 
km s-1 has been applied. Note the broad absorption feature at about 8200 Â 
which is attributable to the Ca n infrared triplet. 

Figure 1 gives a near-infrared spectrum of SN 1983N 
obtained at McGraw-Hill Observatory by A. Uomoto on July 
7, about 10 days before maximum. A 2'.'5 slit was used. Condi- 
tions were not photometric. Figure 2 presents a time series of 
spectra obtained at McGraw-Gill Observatory by M. Johns 
and J. W. Moody of SN 1983N spanning 10 days. The spec- 
trum from July 17 was obtained at very nearly the phase of 
maximum light detected by the Fine Error Sensor (FES) on the 
IUE satellite, the response of which corresponds approx- 
imately to V magnitude (Panagia et al 1987). Since SN 1983N 
was observed at high airmass (declination 29°), the 
problem of properly correcting for atmospheric extinction and 
differential refraction may be significant. There is a suggestion 
in Figure 2 of a gradual reddening of the spectrum over the 3 
days near maximum light which seems to be a definite effect by 
the epoch of the July 27 spectrum. This is qualitatively consis- 
tent with the photometric behavior of SN 1983N and of SN 
1962L, another SN lb candidate, but quantitatively too steep. 

TABLE 1 
Journal of Observations 

Supernova Date Observer Telescope Device 
Resolution 
(Â-FWHM) 

SN 1983N. 

SN 1984L . 

1983 Jul 7 
1983 Jul 17 
1983 Jul 18 
1983 Jul 19 
1983 Jul 27 
1984 Aug 30 
1984 Aug 31 
1984 Sep 3 
1984 Sep 4 
1984 Sep 19 
1984 Sep 23 
1984 Sep 28 
1984 Sep 29 
1984 Sep 30 
1984 Oct 18 
1984 Oct 31 
1984 Nov 1 

Uomoto 
Moody 
Moody 
Moody 
Johns 
Levreault 
Levreault 
Margon 
Margon 
Barker/Cochran 
Downes 
Downes 
Downes 
Downes 
Dinerstein/Garnett 
Downes 
Barker/Cochran 

McGraw-Hill 1.3 m 
McGraw-Hill 1.3 m 
McGraw-Hill 1.3 m 
McGraw-Hill 1.3 m 
McGraw-Hill 1.3 m 
McDonald 2.7 m 
McDonald 2.7 m 
KPNO 2.1 m 
KPNO 2.1 m 
McDonald 2.7 m 
Mount Lemmon 1.5 m 
Mount Lemmon 1.5 m 
Mount Lemmon 1.5 m 
Mount Lemmon 1.5 m 
McDonald 2.7 m 
Lick 3 m 
McDonald 2.7 m 

Mark III grism spectrometer 10 
Mark II intensified reticon scanner 12 
Mark II intensified reticon scanner 12 
Mark II intensified reticon scanner 12 
Mark II intensified reticon scanner 12 
Intensified dissector scanner 10 
Intensified dissector scanner 10 
Intensified image dissector scanner 13 
Intensified image dissector scanner 13 
Intensified dissector scanner 10 
Image tube scanner 13 
Image tube scanner 13 
Image tube scanner 13 
Image tube scanner 13 
Intensified dissector scanner 10 
Image tube scanner 13 
Intensified dissector scanner 10 
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V~ 1983 July 17; Fig. 2.—The logarithm of the flux distribution Fv as a function of wavelength (Â) for SN 1983N is given from near maximum light (peak 

Panagia et al 1987) to about 10 days after maximum. A redshift correction of 275 km s"1 has been applied, but no reddening correction. Spacings between individual 
spectra are arbitrarily chosen for clarity. Narrow absorption features between 6830 and 7625 Á are due to Earth’s atmosphere. Note the absence of conspicuous Ha 
and of the 6150 Á absorption that typifies Type la supernovae. 

The spectra in Figure 2 can be integrated over appropriate 
filter responses (Allen 1973, pp. 197, 201) to give B— V = 0.60, 
0.67, 0.97, and 1.94 for the spectra of July 17, 18, 19, and 27, 
respectively. The first two points fall along the B—V color 
curve for SN 1983N determined by photometric measurements 
about 5 days prior to and about 5-15 days after optical 
maximum (Panagia et al. 1987). The third point is too red, 
suggesting that the slope of the July 19 spectrum is not trust- 
worthy. The color of the July 27 spectrum (B—V= 1.94) is in 
direct conflict with photometric observations at about the 
same epoch (B—V ~ 1.1; Panagia et al). The color curve of 
SN 1983N is roughly parallel to that of SN 1962L (Bertola 
1964), but bluer by about 0.2 mag. It is about 0.7 mag redder 
than the standard curve defined by SN la (Pskovskii 1970). 

Figure 3 shows a time series of spectra of SN 1984L. The first 
is that previously published by Wheeler and Levreault (1985), 
and the remaining were obtained by Levreault, Margon, 
Downes, Barker, Cochran, Dinerstein, and Garnett. These 
spectra also show a gradual tendency to redden, although the 
slope does not change appreciably from August 30 to Septem- 
ber 3. There is an appreciable change in slope by September 19. 
Table 2 gives photometric magnitudes derived from the spectra 
of Figure 3. The resulting V and B light curves are somewhat 

flatter than those of SN 1962L and SN 1983N. With the excep- 
tion of the August 31 spectrum, the color is very close to that of 
SN 1983N near maximum, and to the single photoelectric 
point, B— V = +0.49 (Buta 1984). For epochs 20-60 days past 

TABLE 2 
Photometric Colors Derived from Spectra of SN 

1984L 

Date (1983) B B-V 

Aug 30 . 
Aug 31 . 
Sep3 ... 
Sep4 ... 
Sep 19.. 
Sep 23.. 
Sep 28.. 
Sep 29.. 
Sep 30.. 
Oct 18 . 
Oct 31 . 
Nov 1 .. 

14.64 
15.61 
14.66 
14.71 
15.51 
15.84 
15.67 
16.15 
16.23 
16.64 
16.92 
16.29 

14.10 
14.71 
14.08 
14.75a 

14.45 
14.58 
14.57 
14.95 
14.97 
15.50 
15.59 
15.12 

0.45 
0.90 
0.58 

1.06 
1.26 
1.07 
1.20 
1.26 
1.14 
1.33 
1.17 

a Lower limit to flux in V band. Spectrum does not 
extend to red limit. 
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V maximum the color from Table 2 is nearly constant at 
5—F ~ 1.2. In contrast, SN la reach such values at their 
reddest but show a blueward trend in B—V beginning ~30 
days past maximum (Pskovskii 1970). 

Although the time of maximum light is not known precisely, 
it is thought to have been around September 1 (the two spectra 
from August 30 and September 3 have the same flux at 5500 Â; 
see also Table 2). A remarkable feature of the spectra of Figure 
3 is then their striking homogeneity. The evolution of the spec- 
trum is much less distinct than that displayed for SN la 
(Branch et al 1983). Between September 3 and September 23, 
the absorption feature at 6300 Â has disappeared, but all the 
other major features are reproduced. During a similar 2 week 
period after maximum light, SN 198IB underwent significant 
spectral changes, although the subsequent evolution in the 
spectrum was quite small. There is an odd change in slope in 
the September 29 spectrum as compared to September 28 and 
30 between 6150 Â and 6500 Â. There is no obvious systematic 
problem that could affect only the few hundred channels cover- 
ing this wavelength range, and otherwise the spectral agree- 
ment is excellent. This behavior is currently unexplained. 

The large oxygen abundance manifested in the supernebular 
phase of SN lb (Gaskell et al 1986) suggests that there might 
be evidence for oxygen at earlier times as well. A study of 
Figures 2 and 3 shows that this is so. Evidence for broad 
emission of [O i] 25577 begins to be apparent in the July 27 
spectrum of SN 1983N and the September 19 spectra of SN 
1984L. This line is very prominent in the October 31 and 
November 1 spectra of SN 1984L which also give the first 
evidence for [O i] 26300 which emerges as the dominant super- 
nebular line in SN 1983N, SN 1984L, and SN 1985F. 

Figure 4 shows a comparison of spectra of the Type la event 
SN 198IB with those of SN 1983N and SN 1984L at roughly 
comparable epochs, near maximum light and 10-20 days later. 
Although there is some similarity between SN 198IB March 
6-9 and SN 1983N July 19 and SN 1984L August 30 in the 
wavelength range 3500-4600 Â (note SN 1984L does show the 
distinct absorption at 3800 Â in the September 3 spectrum 
which is presumed to be Ca n H and K), there are major 
differences throughout the longer wavelength range. In con- 
trast, while there are some differences in detail between the 
spectra, more so than between two SN la at similar epochs, the 

WAVELENGTH (A) 

Fig. 4.—Spectra of the Type la supernova 198IB in NGC 4536 near maximum light and about 20 days later are compared with spectra of the Type lb 
supernovae 1983N and 1984L near maximum light and about 10 and 20 days after maximum, respectively. All spectra are presented in the rest frame of the host 
galaxy. Note the 6150 Â absorption in the SN la which is absent in the SN lb and the strong absorption at 5700 Â in the SN lb which has no counterpart in the SN 
la. 
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close resemblance of the spectra of SN 1983N and SN 1984L 
near maximum and again 10-20 days later establishes that 
they are of the same class of explosive event. 

A comparison of the maximum light spectra of the two SN lb 
events with the 3 week postmaximum spectrum of SN 198IB 
on March 27 shows a much closer resemblance at all wave- 
lengths less than 6000 Â. The spectra are still quite different at 
wavelengths greater than 6000 Â. This agreement in the blue 
has given rise to the aphorism that SN lb are “born old” or 
are “precocious” since early on they resemble more mature 
SN la. The agreement between the blue range of postmaximum 
SN la and SN lb is not quite as good for the September 23 
spectrum (and later) of SN 1984L. The peak at 4000 Â near 
maximum light for the SN lb events finds a match at slightly 
shorter wavelength in the March 27 spectrum of SN 198IB 
(Branch ei al. 1983). This feature disappears in the later SN lb 
spectra (cf. Fig. 2) whereas it remains prominent in the evolving 
spectra of SN T981B. The sharp peak at 5000 Â in SN 1984L 
seems to correspond to a feature in the March 27 spectrum of 
SN 198IB, but the feature in SN 1984L starts to the red of that 
in SN 198IB and evolves a little farther to the red, whereas the 
feature in SN 198IB is rather static with time (Branch et al. 
1983). Again the later time spectra of the SN la and b are quite 
different at wavelengths in excess of 6000 Â. 

The fiducial marks shown in Figure 4 represent wavelengths 
of the strongest expected lines of He i, blueshifted by 10,000 km 
s-1 for the early spectra and 7500 km s-1 for the later ones. 
The striking agreement with observed minima corresponding 
to the rest wavelength of He i lines at 4471, 5876, 6678, and 
7065 Â, particularly in the later spectra, is convincing evidence 
that He is a significant constituent of the ejecta of SN lb as 
observed at this phase, the first 2 months. There is a hint of the 
He i 7281 Â line in the September 23 spectrum of SN 1984L, 
but this line may not contribute as strongly. There appears to 
be a peak at the expected absorption minimum of 7281 Â for 
the spectra of SN 1983N. The He i 4921 and 5015 Â lines and 
Fe ii 4923 and 5018 Â lines probably contribute to the absorp- 
tion feature at 4900 Â, as we demonstrate in the next section. 
The absorption at 6300 Â in the maximum light spectra must 
have some origin other than He i, since there are no candidate 
He i lines. 

III. PHYSICAL MODELS 

As a first attempt at modeling SN lb spectra, power-law 
density and temperature profiles with homogeneous composi- 
tion have been assumed. The velocity profile will be homolo- 
gous to high accuracy at the phases of interest. The inner 
radius of the supernova “atmosphere” was chosen to corre- 
spond to the propagation of ejected mass for 20 days at 5000 
km s-1, giving rinner = 8.6 x 1014 cm. The temperature was 
chosen to be Tinner = 11,700 K and to decrease in the atmo- 
sphere according to T oc r-1/2. This fixed temperature dis- 
tribution was used to isolate the effects of variation in 

composition and ad hoc deviations from Boltzmann excitation 
equilibrium. The density was assumed to vary as p oc r-”, with 
n = 5, 7, 10. The total mass included in the atmosphere is 
formally 31 M0. Most of this mass is at large optical depth and 
does not contribute significantly to the formation of the spec- 
trum (see below). At constant total mass, the density at the 
inner boundary varies with the slope of the density distribu- 
tion. The outer radius was chosen to correspond to a density 
105 times less than that at the inner boundary. The outer tem- 
perature varies accordingly. Relevant parameters for the three 
density distributions are given in Table 3. These parameters 
give typical “ photospheric ” values for velocity (~7500 km 
s“1) and temperature (~9000 K). The kinetic energies in Table 
3 are formal values for the adopted mass, not to be taken 
literally. The kinetic energy provides a constraint on the mass 
of the ejecta for given velocity structure (see below). 

Observations imply that a large oxygen abundance is neces- 
sary to explain the late-time spectra of SN lb (Gaskell et al. 
1986). The previous section gives preliminary evidence that a 
considerable mass of helium is visible near maximum light and 
for at least 2 months afterward. Evolutionary calculations for 
massive stars give C/O ratios < 1 by mass (cf. Prantzos et al. 
1986). On this basis, two homogeneous composition models 
have been considered: (1) approximately 0.9 He, 0.01 C, and 
0.09 O by mass (“helium” models), and (2) approximately 0.1 
He, 0.1 C, and 0.8 O by mass (“ oxygen ” models). In both cases 
heavier elements are present in the same proportion by mass as 
they are in the Sun. Emergent fluxes were obtained using the 
supernova atmosphere code described by Harkness (1985, 
1986, 1987). The resulting spectra are presented for structures 
with pccr~7 in Figures 5 and 6 for the helium-rich and 
oxygen-rich models, respectively. The luminosity varies with 
the opacity and hence the composition, but for both sets of 
models is ~2.5 x 1042ergs s~1. 

The properties of these SN lb model atmospheres differ in 
several ways when compared to those for SN la. SN la models 
with iron-rich cores and O/Si envelopes are nearly optically 
thin near maximum light because the optical continuum 
opacity is due almost entirely to electron scattering. The ratio 
of absorption to scattering is typically 1/50 at optical fre- 
quencies; hence the true photosphere is not coincident with the 
surface of last scattering and a range of temperature and 
density conditions are reflected in the overall emergent flux. 
The opacity of the iron-rich core is lower than that of the 
mixture of intermediate mass elements in the envelope. When 
the latter becomes optically thin, there is a rapid transition to 
the iron-dominated phase, occurring less than 2 weeks after 
maximum light. Conditions in SN lb are generally similar 
except that a much greater mass is involved. On the basis of the 
late-time observations, one expects a core consisting predomi- 
nantly of oxygen and other intermediate mass elements. The 
envelope is presumed to contain a large mass fraction of 
helium, which contributes negligible continuous absorption at 

TABLE 3 
Parameters for 31 M0 Power-Law Atmosphere: p ccr~n 

Rin Rout vin vout Tin Tout Pin Pout K.E. 
» (cm) (cm) (km/s) (km/s) (K) (K) (g/cm3) (g/cm3) (ergs) 

5  8.6 x 1014 8.6 x 1015 5000 50000 11700 3700 1.5 x 10"11 1.5 x 10"16 1.3 x 1052 

7.    8.6 x 1014 4.5 x 1015 5000 26200 11700 5145 3.1 x 10“11 3.1 x 10~16 1.5 x 1052 

10  8.6 x 1014 2.7 x 1015 5000 15700 11700 6600 5.4 x 10"11 5.4 x 10“16 1.5 x 1052 
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low temperatures. Any assumed departure from LTE, however, 
also enhances the bound-free opacity due to He i. When the 
departure from LTE is large, as for some of the models present- 
ed below, the absorptive opacity may rival electron scattering, 
giving rise to an emergent spectrum more characteristic of 
local conditions near the photosphere. 

At the temperatures and densities typical of supernovae near 
maximum light, it proves to be exceptionally difficult to excite 
any of the visible lines of helium. In LTE atmospheres for 
main-sequence stars, He i lines are only visible in B stars where 
the helium is already appreciably ionized. With supernova 
ambient conditions there is never sufficient contrast for the 
lines to be visible if a significant fraction of the helium is 
ionized due to the relatively large electron density per gram 
available from a nearly pure helium atmosphere (compared to, 
say, a predominantly O/Si atmosphere in SN la). The LTE 
calculations shown as the top trace in Figures 5 and 6 display 
almost no evidence of the helium lines which become so promi- 
nent in SN lb. The helium lines can be made apparent, 
however, by scaling the Boltzmann level populations by some 
departure coefficient, b. In these exploratory calculations, b is 
taken to be the same for all levels and independent of radius. 
Figures 5 and 6 also present theoretical spectra with departure 
coefficients b = 102, 103, and 104 for the “helium” models and 
b = 104, 106, and TO7 for the “oxygen” models. For the 
“helium” atmosphere a factor of 100 suffices to match the 
observed line strengths. For the “ oxygen ” atmosphere a much 
larger value is required, again due to the need to have a large 
contrast of line over electron scattering opacity. The electron 
scattering opacity is considerably enhanced in the oxygen 
atmosphere relative to the helium atmosphere for the same 
temperature and density and so, for a given mass, the oxygen 
atmosphere has a far greater electron scattering optical depth. 
Since lines are diluted by larger electron scattering opacity, the 
features due to C n 26580 and O i 27773 are not significantly 
stronger in the spectra with larger oxygen and carbon abun- 
dances. Although the “ helium ” and “ oxygen ” atmospheres 
and resulting spectra are similar for appropriate choices of h, 
the features fall more to the blue in the latter case. This is again 
a result of the larger electron scattering optical depth so that 
lines tend to form farther out in higher velocity material. 

Although the requisite departure coefficient to match the 
observed spectra decreases as the He/O ratio is increased, sug- 
gesting some preference for a larger helium abundance, a pure 
helium composition can be ruled out for the current models. 
The ionization structure depends on the free electron density, 
and hence the composition, for a given density and tem- 
perature structure. For the conditions assumed, a pure helium 
atmosphere would be essentially neutral and optically thin to 
electron scattering. The resulting spectrum would bear no rela- 
tion to the observations. Some element of significantly lower 
ionization potential than helium, e.g., carbon or oxygen, must 
exist in moderate abundance to provide the requisite supply of 
free electrons. 

Atmosphere calculations for different density profiles, 
pccr~5, r-10, gave much less satisfactory results. The shal- 
lower density profile puts more mass at large radii where the 
temperature (ocr~1/2) is low. This results in strong lines of Fe n 
and other species being formed at high velocity, with a larger 
radiating surface. The resulting spectral features are far too 
broad. The steeper profile produces an atmosphere which is 
more compact. The bulk of the matter is then at lower velo- 
cities, but the lines appear to be too narrow. A strong state- 

ment as to whether a steeper density profile can be ruled out 
cannot be made at this time, due to the limitations of our 
power-law density model. One model was run with the p oc r “ 7 

profile, but with the temperature reduced by a factor of 21/2. 
The result was a satisfactory model in many respects, but it 
required fr = 1010 to reproduce the He i line strengths. 

In Figures 5 and 6 the total mass is 31 M0, but this can be 
reduced to about 9 and 4.5 M0 for the helium and oxygen 
atmospheres, respectively, without altering the emergent flux 
significantly. We were unable to determine a lower mass limit 
due to complications in setting the inner boundary conditions 
when the total electron scattering optical depth becomes small. 
With the assumed velocity profile the nominal kinetic energy 
for the full 31 M0 is 1.5 x 1052 ergs, excessive by most esti- 
mates. The outer 9 M0 has 7.5 x 1051 ergs and the outer 4.5 
M0, 5.2 x 1051 ergs. A challenge for more realistic models will 
be to determine appropriate density and composition struc- 
tures which satisfy the observed spectra but do not require too 
large a kinetic energy. 

At present, we have no physical mechanism to explain why 
the He i level populations should show such large departures 
from LTE. It is conceivable that He i lines of the observed 
strengths could be formed in a more complex LTE density/ 
temperature structure than the one we have assumed. Höflich, 
Wehrse, and Shaviv (1986) have, however, shown that 
b ~ 10-30 can be obtained for the lower levels of hydrogen in 
the outer atmospheres of Type II supernovae. It is not unrea- 
sonable to assume that helium may show even larger devi- 
ations under similar conditions simply because of the much 
larger separation of the excited states from the ground state 
(~20 eV). Indeed, even in LTE the level populations are 
extremely sensitive to temperature for T < 10,000 K. 

We have employed the same departure coefficient for all of 
the excited states of He i. Furthermore, this value is assumed to 
be independent of radius, although, in general, one would 
expect larger values at lower densities where collisions are less 
capable of ensuring LTE. The resulting relative line strengths 
for 5876, 6678, and 7065 Â are in fair accord with the corre- 
sponding features of the observed spectra. That this should be 
so is not obvious: one might expect significant differences 
between the singlets and triplets. Failure of the approximation 
of a constant departure coefficient may already be apparent in 
the models where both blue lines, especially 4471 Â and the red 
line at 7281 Â, appear to be too strong in the theoretical calcu- 
lations. The 4471 Â line can be seen distinctly only in the 
September 19 and later spectra of SN 1984L, whereas it con- 
tributes significantly in all the model spectra which display 
5876 Â at an appropriate strength. It is not clear whether any 
feature corresponding to the predicted 7281 Â line is present in 
either SN 1983N or SN 1984L. 

It is important to stress the ad hoc nature of these models. 
Only the simplest attempt has been made to assure that they 
are self-consistent in the sense that the adopted structure (and 
opacity) corresponds to the phase of the observed spectra, e.g., 
maximum light or shortly thereafter. Furthermore, no con- 
sideration has been given to the heating mechanism 
responsible for maintaining the energy output. 

IV. INTERPRETATION OF THE SPECTRA 

Figure 7 shows the near-maximum light spectra of SN 
1983N and SN 1984L together with a theoretical spectrum of 
the “helium” case with b = 102. The He i lines at 5876, 6678, 
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Fig. 7.—The spectra of SN 1983N and SN 1984L near maximum light are shown in comparison with the theoretical calculation of Fig. 5, with b = 102. The 
model provides generally good agreement with the strength and position of the features throughout the observed portion of the spectrum. In the model, the 
absorption feature at 6200 Á is C n 26580, suggesting that this line may contribute to the observed minimum at 6300 Â. O i and Ca n are predicted to have significant 
features in the near-IR. 

and 7065 Â are easily identified. In the absence of a physical 
model for the structure of the atmosphere and lacking a defi- 
nite mechanism for departures from LTE, we can only assert 
that moderately large departures from LTE (i.e., ~ 100 in the 
“ helium ” case) are more plausible than the extreme departures 
apparently necessary in atmospheres where helium is only a 
minor constituent. We therefore suggest that the He/O ratio is 
closer to 10 rather than, say, 0.1 in the outer layers of SN 
1983N and 1984L. 

Evidence for oxygen appears in the theoretical models only 
in the feature at ~7500 A, which is due to O i 7773 Â. This 
feature is contaminated by terrestrial lines in SN 1983N (Figs. 
1 and 2), and not obviously present although at the predicted 
strength and breadth some evidence might be expected 
anyway. It falls too far to the red to be seen in any of the 
spectra of SN 1984L (Fig. 3). Calcium H and K is apparent in 
some of the spectra of SN 1984L, while the Ca n 8466 triplet 
was observed in SN 1983N about 10 days prior to maximum 
(Fig. 1). Both observed features are somewhat stronger than 
the calcium lines in the theoretical models. 

In the blue, the emergent spectrum is due mainly to blends of 
Fe ii, Mg ii with some contribution from neutral helium. Note 
that, unlike SN la which seem to require an appreciable 
enhancement of the iron-peak abundances in the matter visible 
near optical maximum (Branch et al 1985; Wheeler and Hark- 
ness 1986; Wheeler et al 1986), the spectra of SN lb can be 
accounted for with essentially solar abundances of elements 
heavier than oxygen. This is apparently due to a combination 
of factors, including the lower velocity of expansion and the 
greater total mass. 

There are some small but notable differences between the 
spectra of SN 1983N and SN 1984L. The width of the helium 
lines seems to indicate a somewhat higher expansion velocity 
in SN 1983N. Note in the theoretical spectra of Figure 5 the 
double notch at 4900 À due to Doppler-shifted 4921 and 5015 
Â lines of He i. This feature clearly shows in the August 30- 
September 4 spectra of SN 1984L. This feature is not apparent 
in the spectra of SN 1983N, and the minimum there is prob- 
ably due to the 4923 and 5018 Â lines of Fe n as it is in the 
theoretical spectra of Figure 6, except at the largest departure 
coefficient (b = 107). An attempt has not yet been made to find 

a combination of helium abundance and departure coefficient 
that reproduces the 5876 Â line without a noticeable contribu- 
tion from the 4921 and 5015 Â lines. 

One notable feature of SN lb which remains in doubt is the 
line appearing at around 6300 Â. This line is discernible in the 
SN 1984L spectrum of August 30, much less so in the spectrum 
of 4 days later and not seen thereafter, while it is most apparent 
in the July 19 spectrum of SN 1983N. In all of the model 
spectra shown here the closest plausible feature is due to C n 
>16580 with negligible contributions from Fe n and Ne i. The 
feature in the models is sensitive to the velocity and density 
profile. The disappearance of this feature can be understood 
qualitatively as a decrease in the excitation of C n, but since 
substantial departures from LTE are required in order to 
explain the helium lines all of the above identifications remain 
in some doubt, e.g., Ne i 26402 could contribute if enhanced by 
non-LTE effects. 

Figure 8 shows a comparison of the spectrum of SN 1984L 
on September 23 and a “helium” theoretical spectrum with 
b = 104 at effectively maximum light conditions of luminosity 
and temperature. This observation clinches the identification 
of helium in SN lb since 224471, 5876, 6678, and 7065 are 
manifestly present. Although the density in the theoretical 
model in Figure 8 has not been scaled down, it should be about 
a factor of 10 less at this epoch than at maximum light 
(p oc i 3). This may account for the apparent increase in the 
departure coefficient and the appearance of [O i] 25577. Pre- 
sumably an even higher value of b might be necessary at this 
epoch because of the overall matter/radiation temperature has 
clearly declined from maximum light. 

In more realistic models, one would expect that there will be 
significant stratification of elemental abundances, and the 
models described here have not addressed that aspect. A pre- 
liminary model in which the abundances were chosen to be the 
same as the “ oxygen ” case for v < 7000 km s “1 and the same 
as the “ helium ” case for v > 7000 km s “1 did not show any 
marked improvement over “helium” atmospheres, but the 
position (in velocity) of the interface may be important. 

The model for SN lb suggested by Branch and Nomoto 
(1986) is based on the detonation of a layer of degenerate 
helium surrounding a degenerate C/O core. After freezeout 
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WAVELENGTH (A) 
Fig. 8.—The spectrum of SN 1984L about 20 days after maximum (September 23) is shown in comparison with the theoretical calculation of Fig. 5 with b = 104. 

No change in temperature or density is invoked in the model to allow for the expansion subsequent to maximum light, but the relative strength and placement of the 
features, particularly of the strong He i lines at 4471, 5876,6678, and 7065 Â, are again in generally good agreement with the observed spectrum. 

from nuclear statistical equilibrium, the ~0.4 M© of detonated 
He consists of 90% 56Ni and 5% He (Woosley, Taam, and 
Weaver 1986). In this model, the C/O core expands unburned, 
the potential origin of the oxygen enrichment in the super- 
nebular phase. Branch and Nomo to show that for an appro- 
priate choice of the optical depths of Fe n and He i a synthetic 
spectrum can reproduce the observed spectrum of SN 1984L 
(August 30). This calculation does not, however, specifically 
constrain the abundances of Fe and He. The current models 
are more nearly physically self-consistent in that while a depar- 
ture coefficient is assumed for He, the effect of Fe is computed 
rigorously for the assumed structure under the assumption of 
LTE. Figures 7 and 8 show that the blue end of the spectrum is 
adequately represented by Fe in only solar proportions. To 
check the effect of enhanced Fe abundance, a model was calcu- 
lated with a density profile of p oc r-7, b = 104 for He, and 
mass fractions XHe = 0.64, X0 = 0.26, XFe = 0.1 giving a ratio 

for Fe/He which is enhanced considerably over the previous 
calculations but still much less than that demanded by the 
model of Branch and Nomoto. The result is shown in Figure 9. 
At even 10% by mass the Fe n lines are far too strong not only 
in the blue, but throughout the optical portion of the spectrum. 
Note from Table 3 that with the relatively compact atmo- 
sphere associated with the pccr~7 density profile the tem- 
perature is everywhere in excess of 5000 K. Singly ionized iron 
would not exist if it were not for the rather large density com- 
pared, for instance, to a deflagration model for a SN la at a 
time of about 15 days after the explosion. As a further check on 
the model dependence of our conclusion that SN lb are not 
highly iron-enriched, a spectrum was also calculated for a 
model consisting of the incineration of a degenerate helium 
white dwarf of ~0.6 M©. This model is more in the direct 
spirit of the suggestion of Branch and Nomoto, although it 
does not contain the lagging C/O core. The composition was 

smb/fe AV - 0. 5E+00 

Fig. 9.—A theoretical spectrum is presented for the model of Figs. 5 and 6, with departure coefficient b = 104, but with a composition of approximately 
XHe = 0.64, X0 = 0.26, XFe = 0.10, i.e., a strongly enhanced iron abundance. Despite the large departure coefficient for helium, the spectrum is dominated by 
excessively strong lines of Fe n and bears little relation to the observed spectra of Type lb supernovae. 
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taken to be an appropriate mix of Ni, Co, and Fe, correspond- 
ing to the epoch of maximum light. The expected small helium 
abundance after freezeout was omitted. The spectrum (not 
shown) failed to resemble either a SN la or lb in any significant 
way. These two atmosphere calculations seem to be substantial 
evidence that models based on detonations in white dwarfs, 
which demand a large abundance of Fe and a large Fe/He 
ratio, are not viable models for the origin of SN lb. Only if 
non-LTE effects alter the iron spectrum in a major way could 
such models correspond to the observed spectra. 

V. DISCUSSION AND CONCLUSION 

The evidence for extreme Population I environments, cir- 
cumstellar nebulae, and estimates of the ejecta mass based on 
emission-line strengths in the supernebular phase all suggest 
that SN lb have their origin in the hydrogen-denuded cores of 
massive stars. The results presented in this paper represent a 
crucial, if still qualitative, enhancement of this point of view. 

The atmosphere calculations confirm beyond any reason- 
able doubt that He exists in substantial amounts in the por- 
tions of the ejecta that are observable up to 2 months after 
maximum light in SN 1983N and SN 1984L. An important 
prediction that follows from this conclusion is that the 10380 Â 
line of He i should be a very strong infrared feature if the level 
populations are at all similar to those assumed here. The 
helium abundance probably cannot be as low as 0.1 by mass 
without requiring an implausibly large departure from LTE. 
The other principal constituent is probably oxygen, given the 
large oxygen abundance observed at late times and the need 
for a plentiful supply of free electrons beyond those available 
from helium alone. Spectra of SN lb extending to 8000 Â are 
needed to determine the existence of the oxygen in the early 
phases. Carbon is also identified in the early and late phases 
and probably contributes substantially to the mass fraction of 
the ejecta. Iron features are seen, but the iron abundance of the 
matter seen near maximum light need not exceed the solar 
ratio. The composition used to reproduce the observed spectra, 
predominantly helium and oxygen, with a solar mix of heavier 
elements is representative of the composition of models of 
massive stars and hence more evidence that SN lb have their 
origin in the cores of massive stars. 

The phrase “ born old ” used to describe the resemblance of 
maximum light SN lb to postmaximum SN la suggests a 
physical relation between the two classes of supernovae. Figure 
3 and the current models show that the similarity is restricted, 
qualitative, and fleeting. The spectra of SN la and lb are verv 
different for 2 > 6000 Â. The absorption minimum at ~ 5800 A 
in the March 27 spectrum of SN 198IB has a qualitative simi- 
larity to the 5700 A minimum in SN 1983N and 1984L, but we 
now see that the latter is probably primarily due to He i 25876 
and the former to Fe n or perhaps Na i (Branch et al 1983), so 
the resemblance is mostly a coincidence. There are peaks in the 
maximum light SN lb spectra and the postmaximum SN la 
spectrum at 4500 Â, but the peak is much narrower in the SN 
la. The spectra of SN la in this wavelength range evolve only 
slowly, while those of SN lb show significant quantitative 
changes as the helium lines become sharper and deeper with 
age. While the blue spectra of SN la are probably due essen- 
tially entirely to Fe n, even the qualitatively similar features in 
the SN lb are shaped by the added presence of He, Mg, and 
other species. The phrase “born old,” while catchy, thus seems 
to have very limited physical significance and does not neces- 
sarily imply common progenitors or explosion mechanisms for 
SN la and lb. 

Branch and Venkatakrishna (1986) have modeled the 
portion of the spectrum of the SN la 198IB between 2800 and 
3400 Â with blends of Fe n and Co n lines with v - 12,000 km 
s“1, consistent with the expected composition of an exploding 
white dwarf. They argue that the premaximum ultraviolet 
spectrum (2 < 3100) of the SN Ib 1983N is very similar to that 
of SN 198IB (Panagia 1985) and hence that the composition 
and the underlying cause of the explosion are likely to be 
closely related. They point out that a Wolf-Rayet star would 
not be expected to eject iron and cobalt at high velocities. This 
motivation leads Branch and Nomoto (1986) to present their 
model for the explosion of SN lb based on the detonation of a 
layer of degenerate helium surrounding a degenerate C/O core. 
An immediate problem with this model is that, unlike observed 
SN lb, the light curve of this detonation model evolves more 
rapidly than models of SN la assuming the same opacity 
(k ~ 0.1 cm2 g-1; Woosley, Taam, and Weaver [1986]). The 
iron peak matter that dominates the outer ejecta in this model 
tends to have a lower opacity than the outer partially burned 
layers of the carbon deflagration models invoked for SN la 
(Harkness 1986), which would make the light curve evolution 
even quicker. This model is also difficult to reconcile with the 
association with H n regions which typify SN lb. 

The current calculations add another argument against an 
exploding white dwarf model for SN lb. It is correct that a 
massive star model is not expected to show high-velocity 
cobalt prior to maximum light. The combined optical and 
ultraviolet spectra for SN 1983N (Panagia et al 1987) do not, 
however, show strong evidence for the absorption dip at 3200 
Â (primarily due to lack of relevant data) that seems to occur in 
SN 1981B and which is attributed to Co n (Branch et al 1983). 
The models presented here show that the blue portion of the 
spectrum near maximum light can be reproduced by Fe n in 
both SN la and SN lb, but with a large abundance of iron for 
SN la (~0.03 by mass) and a small abundance (~ 0.0018) for 
SN lb. This difference in iron abundance for models of SN la 
and SN lb shows that the spectra can be similar even though 
the underlying physical models are quite different. A more 
complete discussion of the optical and ultraviolet spectra of SN 
la and SN lb is given by Harkness and Wheeler (1987). The 
current models for SN lb argue that the iron mass fraction 
cannot be as large as 0.1 in SN lb, a statement consistent with 
a massive star model in which the deep inner layers where Fe 
and Co may reside have not yet been exposed, and inconsistent 
with the off-center detonation model of Branch and Nomoto 
(1987). 

Sramek, Panagia, and Weiler (1984) and Chevalier (1984) 
discuss the implications of the radio observations of SN 1983N 
for the progenitor. They note that the optical light curve pre- 
cludes an explosion within a supergiant envelope and propose 
a symbiotic-type binary system with the supernova occurring 
in a white dwarf which is in turn immersed in the circumstellar 
nebula shed by an asymptotic giant branch companion. The 
objections to a white dwarf progenitor for SN lb outlined 
above apply to this version as well. Furthermore, the lack of 
evidence for hydrogen in either the early or later supernebular 
phases may constrain this picture. The models for radio emis- 
sion determine that M/vw - 3 x 1(T7 M0 yr_1 km s“1 where 
M is the mass-loss rate and vw the wind velocity. The symbiotic 
star model is based on the assumption that vw ~ 10 km s-1 

and hence M~3 x 10~6 M0 yr-1, consistent with a red 
supergiant. Alternatively, the radio emission might be 
explained with M ~ 3 x 10“4 M0 yr-1 and vw - 104 km s_1 

as expected for a Wolf-Rayet star. Chevalier assumed a 
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p oc r-7 profile patterned after an exploding white dwarf. The 
present spectral calculations give some independent justifica- 
tion for such a choice. This does not necessarily imply a white 
dwarf progenitor, however. The n = 3 polytrope structure 
shared by a white dwarf and a radiation-pressure dominated 
core might be expected to give rise to similar density profiles in 
the ejecta. 

If one accepts a massive star origin for SN lb, then there are 
many interesting questions concerning their origin which may 
be posed. Stars of different mass subjected to mass loss in a 
wind or to a binary companion will display different composi- 
tions at the time of explosion. Stars which are sufficiently 
massive (>30 M0) to eject their hydrogen envelope in a wind 
and spontaneously become Wolf-Rayet stars are apt to have 
ejected their helium layers in the wind as well as before the 
explosion (Prantzos et al 1986). The deduced large helium 
abundances in SN 1983N and SN 1984L thus argue that the 
progenitors of these SN lb are less massive than this. 

This conclusion is in keeping with the restrictions on the 
ejecta mass from the width of the peak of the light curve of SN 
1983N (Wheeler and Levreault 1985) and with the requirement 
that the kinetic energy of the ejecta not be excessive, both of 
which suggest that the ejecta should not be more than several 
solar masses. A related factor concerns the rates of occurrence 
of SN lb. Branch (1986) has argued that SN lb, being fainter 
than SN la, are subject to a negative selection effect, and that 
SN lb could occur at a rate comparable to SN la. In the last 
few years SN lb have been discovered at a rate comparable to 
SN II, to which they are comparably bright. Hence, SN lb may 
occur as often as SN II and derive from the same progenitor 
mass range, <20 M0. 

An exciting challenge is to find an evolutionary origin for 
SN lb in massive stars which is commensurate with the obser- 
vational constraints on the light curve and spectra. Hot 
hydrogen-deficient stars have suggestive properties, although it 
is not clear that there are sufficient of them in the Galaxy to 
account for the expected rate (Uomoto 1986). Work is under- 
way to calculate light curves for a range of realistic massive 
star models to determine more precise constraints on the mass 
of the ejecta (Sutherland, Cappellaro, and Wheeler 1987). 
Deeper understanding of the observed spectra will be obtained 
by first exploring a more extensive set of parameterized 
models. An important step will be to remove the restriction 
that the departure coefficient be constant in radius. Further in 
the future, an array of massive star models will be explored 
with atmosphere calculations to determine more precisely the 
sort of structure that will produce a theoretical spectrum in 
agreement with observations, not just at a single epoch, but as 
a function of time. Such calculations will constrain not only the 
mass of the core, but the degree of mass loss the progenitor star 
must have undergone prior to explosion. Analysis of the super- 
nebular phase will give an independent set of constraints on 
the structure, composition, and kinematics. 

Care must be taken in future calculations to let the observed 
spectra and light curves be the guide. The actual structure of 

SN lb may not fit preconceived notions deriving either from 
observations or theory. Although it is tempting to associate SN 
lb with Wolf-Rayet star progenitors, Wolf-Rayet stars as an 
observed class may prove too massive (^ 10 M0) to satisfy the 
observational constraints of the SN lb. Evolutionary calcu- 
lations of Wolf-Rayet models with mass loss have not yet pro- 
ceeded to the epoch of core collapse, and it is possible that a 
late, very heavy mass-loss phase will reduce even a 10 M0 
Wolf-Rayet star to 3-4 M0 at the time of explosion, but this 
can only occur at the expense of drastically reducing the 
helium abundance in violation of the conditions determined 
here. Likewise, evolutionary calculations will give more self- 
consistent initial models, but given uncertainties associated 
with assumptions of spherical symmetry, and a general lack of 
knowledge of the effects of time-dependent convection on the 
very late stages of stellar evolution, it will not be surprising if 
current theory does not give a precise fit to observations. 

On the contrary, SN lb represent an immensely valuable 
new laboratory to study the late stages of massive star evolu- 
tion by providing a source of direct observational constraints 
to guide theoretical studies. Prior to the elucidation of the 
nature of SN lb the great deal of work on massive star core 
evolution and collapse has proceeded in the absence of all but 
the most basic observational checks : Does a model explode or 
not, and, if so, with what kinetic energy? Nucleosynthesis gives 
an indirect constraint subject to the uncertainties of the mass 
function and Galactic evolution. Type II supernovae are 
thought to be produced, in some instances at least, by core 
collapse, but the physically interesting regions are shielded 
from view by the enshrouding hydrogen envelope and only the 
most basic kinematic constraints have emerged. SN lb in the 
early atmosphere and late supernebular phases now give a way 
to determine the density, temperature, and composition struc- 
ture of the cores of massive stars. This in turn will surely lead 
to important new insights into the physical processes in the 
star prior to and during the explosion and ultimately, perhaps, 
to an understanding of the explosion mechanism itself. 
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